A procedure was developed for restriction endonuclease fingerprinting (REF) of the chromosomal DNA of coagulase-negative staphylococci. A total of 48 isolates comprising 29 Staphylococcus epidermidis and 19 Staphylococcus haemolyticus isolates from blood and mucocutaneous sites of 15 premature neonates were characterized by REF, plasmid profile (PP) analysis, antimicrobial susceptibility testing, biotyping, and slime production. On the basis of REF analysis of chromosomal DNA, the 48 coagulase-negative staphylococcal isolates were subdivided into 10 subgroups, whereas PP analysis subdivided the strains into 20 distinct subgroups. REF analysis of total DNA (i.e., chromosome plus plasmid) resulted in the same 20 subgroups as were subdivided by PP analysis. The high discriminatory power of PP analysis was associated with the variability of plasmid content in coagulase-negative staphylococcal strains isolated during the outbreak. REF patterns were found to be stable both in vitro and in vivo. Isolates carried from 2 to 10 plasmids that ranged in molecular size from 0.9 to 39.5 megadaltons. Plasmids were disseminated among the coagulase-negative staphylococci, regardless of the genetic relatedness of their chromosomal DNAs. Hence, a lack of correlation existed between the grouping of isolates by REF analysis of chromosomal DNA and the grouping by PP analysis. There were one and two distinct chromosomal patterns among 4 of 4 blood cultures and 15 of 15 mucocutaneous cultures of S. haemolyticus, respectively. In contrast, a higher proportion of distinct chromosomal patterns was found for S. epidermidis in blood cultures (7 of 11 cultures) compared with those identified for isolates in mucocutaneous cultures (6 of 18 cultures). In summary, REF analysis of chromosomal DNA, rather than total DNA, is a useful marker for epidemiological investigations of coagulase-negative staphylococci. PP analysis can also be used to provide additional epidemiological information regarding the most recent genetic events.
During the past 4 years, coagulase-negative staphylococci have become the most common isolates obtained from cultures of blood of clinically septic infants in our neonatal intensive care unit (NICU). In 1988, coagulase-negative staphylococcal isolates constituted 72% of all positive blood cultures. Virtually all positive cultures of blood obtained from premature infants who resided in the NICU for longer than 7 days yield coagulase-negative staphylococci (unpublished data). Clinical studies have indicated that over 70% of pathogenic coagulase-negative staphylococci consist of Staphylococcus epidermidis, whereas Staphylococcus haemolyticus and Staphylococcus hominis are the second and third most frequently encountered species (10, 11) .
Knowledge of the epidemiology and pathogenesis of coagulase-negative staphylococcal infections in NICUs has been hampered by a lack of typing methods that can discriminate between strains that colonize skin and mucosal surfaces and those that cause invasive disease (17, 19, 21) . Classical methods of typing such as biotyping, phage typing, and antibiotic susceptibility patterns used separately or in combination have only been of limited success (4, 8, 11, 19, 21) . Plasmid DNA typing has been applied for the characterization of coagulase-negative staphylococcal isolates; but some isolates contain only one plasmid, and occasionally, * Corresponding author. plasmid content is unstable and therefore unsuitable for epidemiological investigations (16) . Restriction endonuclease fingerprinting (REF) , which measures the polymorphism in DNA restriction fragment lengths, offers the most specific method of typing bacteria and has been successfully applied to epidemiological investigations of various bacterial pathogens (2, 3, 5, 7, 12-15, 18, 20, 23, 26) .
In this study we optimized the conditions for REF typing of coagulase-negative staphylococci obtained from blood cultures of septic premature infants, compared this method with the plasmid typing method, and evaluated the method as an epidemiological tool for studying coagulase-negative staphylococci in our NICU.
(This study was presented in part at the 88th Annual Meeting of the American Society for Microbiology, Miami Beach, Fla., 8 to their blood. A total of 48 coagulase-negative staphylococcal strains from 15 septic infants who resided in the NICU between October 1986 and April 1987 were arbitrarily chosen for study. A total of 12 strains were from blood and 36 strains were from mucocutaneous sites and stool specimens, which were obtained at the time of blood collection. Blood samples were obtained for culturing after the skin was decontaminated with a povidone-iodine solution, which was left to dry for a minimum of 30 s, and was then cleansed with an alcohol wipe. Between 0.5 and 2.0 ml blood was aspirated with a butterfly needle into a syringe and inoculated into a blood culture bottle (17D; model 460; Bactec) after the bottle top was thoroughly cleansed with an alcohol swab. Positive cultures were identified by standard methods. Coagulasenegative staphylococci with different colony morphologies were identified by using the Staph-Ident system (Analytab Products, Plainview, N.Y.). If differences in colony morphology were observed on primary plates, then each of the different colony types were included in the study (for instance, S. epidermidis 252 and S. haemolyticus 239 from stool cultures). To prevent misidentification of S. epidermidis as Staphylococcus hominis based on a negative alkaline phosphatase reaction by the Staph-Ident system, strains were tested by growing them anaerobically in semisolid thioglycolate medium. S. hominis strains (ATCC 27844 and ATCC 27845) did not grow anaerobically under these conditions. In this study, the terms strain and isolate were used according to definitions described earlier (6) .
Antimicrobial susceptibility pattern. Standardized microdilution MIC/ID test panels (Beckman Instruments, Inc., Fullerton, Calif.) were used to determine susceptibilities to the following antimicrobial agents: ampicillin, oxacillin, cefazolin, cephalothin, cefuroxime, chloramphenicol, clindamycin, penicillin, erythromycin, gentamicin, amikacin, netilmicin, tetracycline, trimethroprim-sulfamethoxazole, vancomycin, and methicillin. The term multiresistant refers to an isolate that was resistant to more than one major class of antimicrobial agents.
Slime production. Strains were examined for slime production as described previously (4) .
Isolation of total DNA. Clinical isolates were grown on Luria agar plates supplemented with 0.3% glycine (37°C, overnight). Bacterial growth from one-quarter of a plate was suspended in 0.5 ml of 50 mM Tris hydrochloride (pH 8)-50 mM EDTA buffer to a final density of about 12 (Table 1) . This classification was confirmed by REF performed with PstI and BgIII. The patterns within each of the major groups were closely related. They consisted of the same numbers and molecular sizes of restriction fragments but differed from each other in the intensities of one to five bands. The differences in intensities ofthe DNA bands were reproducible and not associated with intravariables. Each strain representing a distinct subgroup was assigned an additional digit (e.g., 1.1 to 1.4). The REF patterns of 1.1 to 1.4 included 66 bands and possessed 57, 52, and 44% common bands with the 3.1 to 3.2, 4.1, and 2.1 patterns, respectively.
The frequency of distribution of distinct chromosomal patterns was first examined among cultures of coagulasenegative staphylococci obtained from blood and mucocutaneous sites. Analysis of S. epidermidis patterns recovered from eight neonates revealed a significantly greater incidence of distinct chromosomal patterns in isolates in blood cultures (7 of 11 cultures) compared with those identified in isolates in mucocutaneous cultures (6 of 18 cultures) (P = 0.04 by chi-square analysis). In contrast, the single distinct REF pattern 6 .1 was obtained from all four blood cultures consisting of S. haemolyticus. Overall, there were only two distinct patterns of chromosomal DNA identified among 15 mucocutaneous cultures of S. haemolyticus isolated from nine patients. A total of 12 of 15 isolates consisted of pattern 6.1, and 3 of 15 isolates consisted of pattern 5.1. In most cases, patterns identified from blood culture strains matched those of the corresponding mucocutaneous culture strains. When REF patterns of isolates from neonates were compared (a minimum of one blood sample and one nonblood sample for culture were recovered from neonates), three of three blood isolates of S. haemolyticus (from three neonates) and five of seven blood isolates of S. epidermidis (from seven neonates) had REF patterns identical to those of the respective mucocutaneous cultures (Table 1) . Overall, 12 of 18 (64%) mucosal and skin surface cultures of S. epidermidis consisted of the same 1.1 to 1.4 patterns that were found in 4 of 11 (36%) blood isolates.
On the basis of analysis of chromosomal DNA, the 48 coagulase-negative staphylococcal isolates were subdivided into 10 subgroups, whereas PP analysis subdivided the strains into 20 distinct subgroups (Fig. 2) . These groups differed in the content of one or more plasmids ( Table 2 ). All of the isolates that were examined carried from 2 to 10 plasmids that ranged in molecular size from 0.9 to 39.5 MDa. To assess the usefulness of application of PP analysis for differentiating coagulase-negative staphylococcal isolates, we ascertained (i) the distribution of plasmids among coagulase-negative staphylococcal strains with different REF patterns of their chromosomal DNAs and (ii) the in vivo stability of plasmids in clinical isolates of coagulase-negative staphylococci. The data presented in Table 3 show that although the majority of plasmids of the same molecular size were disseminated among strains within the same chromo- (Table 3) . Thus, grouping of coagulase-negative staphylococcal isolates in our study on the basis of their plasmid content did not always correlate with the groupings by the restriction fragment pattern of their chromosomal DNAs.
To investigate the in vivo plasmid stability in clinical isolates of coagulase-negative staphylococci, plasmid content was analyzed in pairs of genetically related strains (i.e., with the same REF pattern) that were isolated from the same patient. For instance, S. epidermidis isolates 8 and 57, with the same chromosomal REF pattern 1 .1 and PP types 1 and 2, respectively, were recovered from the blood and conjunctiva of patient 1 and harbored four plasmids with identical molecular sizes; 1.5, 3.0, 5.4, and 38.1 MDa (Tables 1 and 2 Tables 1 and 2 provides additional examples of the in vivo plasmid instability in some S. epidermidis and S. haemolyticus isolates (isolates 252, 238, and 380) over time.
Phenotypic characteristics of coagulase-negative staphylococcal isolates, antibiogram, biotyping profiles, and slime production were also determined (Table 1) . On the basis of antimicrobial susceptibility testing, the 48 isolates were subdivided into 10 subgroups against a panel of seven antimicrobial agents. A total of 8 of 11 (72%) blood culture isolates of S. epidermidis were resistant to four or more antibiotics. A total of three of four (75%) blood cultures isolates of S. haemolyticus were resistant to six antibiotics. VOL. 28, 1990 on October 19, 2017 by guest http://jcm.asm.org/ Downloaded from for resistant strains): Ox, oxacillin (c2 and -4 1lg/ml); C, chloramphenicol (s8 and . 16 ,zg/ml); Cc, clindamicin (cO.5 and -1 (p.g/ml); E, erythromycin (cO.5 and -1 ,ug/ml); Gm, gentamicin (c6 and -8 ,ug/ml); Te, tetracycline (s4 and .8 ,ug/ml); Sxt, trimethoprim-sulfamethoxazole (s2/38 and -4/76 ,ug/ml). Patterns 
DISCUSSION
In this study we demonstrated that restriction endonuclease fingerprinting of chromosomal DNAs rather than total DNAs of coagulase-negative staphylococci allows for specific discrimination among"species and strains within species. Our former approacfr of REF analysis of total DNA produced a nonreproducible classification of strains (data not shown).
The optimal conditions for REF analysis of coagulasenegative staphylococcal strains were determined in this study. The procedure had to be designed so that sufficient yields of coagulase-negative staphylococcal DNAs were reproducibly recovered. Initial problems associated with frequent bacterial lysis during propagation in a liquid medium, most likely caused by the induction of temperate phages, and inefficient cell lysis during the DNA extraction procedure were overcome. A good yield of viable cells was obtained by growing coagulase-negative staphylococcal clinical isolates on Luria agar plates, and efficient lysis of isolates was ensured by including 0.3% glycine in a solid medium. Fingerprinting of chromosomal DNA was performed with restriction endonucleases that produced wellresolved patterns of bands in a molecular size range of 1 to 35 kilobase pairs. This was an important factor since we demonstrated that strains representing 16 coagulase-negative staphylococcal species display a marked degree of polymorphism that was particularly evident in the large DNA fragments of 10 to 25 kilobase pairs (data not shown). We observed that the BglII restriction endonuclease was unsuccessful in digesting some S. haemolyticus strains. This finding indicates the genetic variability between strains within S. haemolyticus species. Some of the variation may be explained on the basis of a high frequency of DNA rearrangement or a high mutation rate (24) .
Results of this study indicated that establishment of identity of coagulase-negative staphylococcal strains on the basis of their plasmid content may not be adequate. This is because of the great mobility of plasmids in coagulase- negative staphylococcal strains in vivo and the lack of correlation with genetic differences between bacterial isolates. The variability of plasmid content was demonstrated here by comparison of pairs of isolates with identical REF patterns of chromosomal DNA recovered from the same patient that exhibited the loss or acquisition of plasmids. Furthermore, it was shown in this study that chromosomally different strains share up to four plasmids with the same molecular size (Table 3) . Others have also reported the high instability of plasmid content in coagulase-negative staphylococcal isolates both in vitro and in vivo (1, 16) . This is consistent with the observation that staphylococcal selftransmissible plasmids are capable of mobilizing smaller plasmids into recipient strains (9, 22) . Conjugation and transduction are the main processes that contribute to the exchange of plasmids among coagulase-negative staphylococcal strains (25) . Although plasmid profile analysis could not be used alone as a typing system for the identification of coagulase-negative staphylococcal strains, this technique can contribute important epidemiological information. Interestingly, we noticed that in four (36%) individual cultures of S. epidermidis isolated from blood and four (100%) cultures of S. haemolyticus, two plasmids of 3.0 and 5.4 MDa were always present. Whether these common plasmids contribute to a higher pathogenicity and persistence of strains of coagulase-negative staphylococci in blood awaits further investigation.
Of interest was the finding of greater variations in chromosomal DNA fingerprints with S. epidermidis strains than were found with S. haemolyticus strains ( It has been demonstrated previously (4, 11) that infants with bacteremia have a significantly higher percentage of slime-producing organisms and a higher percentage of multiresistant coagulase-negative staphylococcal isolates. We made a similar observation; 94% of all isolates in cultures of blood and mucocutaneous sites recovered from symptomatic neonates were slime producers. Also, 85% of all culture isolates were resistant to four or more antibacterial agents.
To date, numerous efforts to assign specific genetic characteristics of coagulase-negative staphylococci to bacterial sepsis have been unsuccessful (11, 28, 29) . Part of the difficulty is associated with the fact that in the approaches that have been used, only an unstable plasmid content has been used as a basis for the typing system (28, 29) . With the use of the combination of two molecular typing methods, PP analysis, which examines the most recent genetic events, and REF analysis, which examines the more stable genetic element, the bacterial chromosome, it may be possible to overcome these difficulties. Further studies are required to determine the distribution of chromosomal fingerprints of coagulase-negative staphylococci in NICUs that differ in the incidence of coagulase-negative staphylococcal bacteremias; these studies are in progress.
